This paper presents an extensive overview of known and proposed RR Lyrae type stars in binary systems. The aim is to revise and extend the list with new Galactic field systems. We utilized maxima timings for eleven RRab type stars with suspicious behaviour available in the GEOS database, and determined maxima timings on the basis of data from various sky surveys and own observations. This significantly extended amount of suitable maxima timings. We applied non-linear least-squares method to model proposed Light Time Effect (LiTE) in O−C diagrams, and determined orbital parameters for studied systems. In contrast to recent findings, our analysis showed preference for decades-long periods instead of periods in the order of years. Secondary components were found to be low mass objects predominantly. However, for two of sample stars, RZ Cet and AT Ser, the mass of the companion of more than one solar mass suggests that it is a neutron star or a black hole. We found that semi-major axes of proposed orbits are between 1 and 20 astronomical units. Because studied stars belong to the brightest, and therefore the closest RR Lyraes, maximal angular distances between components during orbit in particular systems should be at least between 1 and 13 mas. This significantly improves the chance to detect and resolve both stars using current telescopes and interferometers. However, our interpretation of the O−C diagrams as a consequence of the LiTE should be considered as preliminary since we do not have reliable spectroscopic measurements. On the other hand our models give a prediction of the period and radial velocity evolution in years to come which should be sufficient for plausible proof of the binarity.
INTRODUCTION
RR Lyrae stars play a crucial role in many astrophysical disciplines due to their unique characteristics. Since they are evolved, luminous, population II stars with easily recognizable light curve, they are used for testing of evolutionary models (e.g. Lee & Demarque 1990; Pietrinferni et al. 2006 ) and tracing Milky Way evolution, dynamics, and formation history (Catelan 2009; Drake et al. 2013; Stetson et al. 2014 ) with advance. Because they are detectable on long distances, in combination with known relationship between metallicity, period, and luminosity they represent suitable distance indicators also at extragalactic scales (Catelan & Cortés 2008; Fiorentino et al. 2010 ). However, location on the horizontal branch and luminosity of RR Lyraes depend also on mass of the particular star. This parameter has been estimated only indirectly from evolution models and pulsation characteristics. Therefore independent determination of mass of these stars is a key task and is essentially needed. If RR Lyrae would be in a binary system with jiriliska@post.cz known orbital parameters, its mass could be determined very accurately. Thus finding such systems is crucial.
Unfortunately, only very few RR Lyr binary stars have been known so far (e.g. field star TU UMa in Wade et al. 1999; . Moreover, the overwhelming majority of these stars are only candidates without unambiguous confirmation of their binarity. This low number of binaries among RR Lyraes could be surprising because RR Lyrae variables are the most numerous class of variables (VSX, Watson 2006) and recent compilations and catalogues with pulsating stars in binaries list many hundreds systems with other types of pulsating stars (e.g. Szatmary 1990; Szabados 2003a,b; Zhou 2010) . Well, what could be the reason?
Some important facts were discussed, for example, in the classical review of RR Lyrae stars provided by Smith (1995) . Since RR Lyraes are evolved stars, possible companion would be in the form of degenerated remnant, another horizontal-branch star, a red dwarf (in the case of main-sequence star), or a substellar object. Thus, in most cases, the companion would be significantly less luminous and smaller than the RR Lyrae component itself. They probably would be only single-line spectroscopic binaries dominated by the RR Lyrae component, and possible eclipses would be shallow and detectable with difficulties. As it was noted by Soszyński et al. (2009) the mass transfer in close binaries would certainly affect an RR Lyrae progenitor. Therefore, if we want to observe a classical RR Lyrae in binary, we should expect detached systems with wide orbits and with periods longer than a few hundreds of days, rather than short-period variables. All these facts would cause problematic detection due to tiny changes during years, or decades.
Recent research revealed that the situation is not so unpleasant as previous studies suggested. Except for strange object resembling RR Lyrae-like pulsations identified by Pietrzyński et al. (2012) in the Galactic bulge, on the basis of ultra-precise measurements of space telescope Kepler, Li & Qian (2014) found tiny cyclic variations in period (Light Time Effect -LiTE) of FN Lyr and V894 Cyg very likely caused by brown dwarf companion. More recently, Hajdu et al. (2015) identified using the same method 20 candidates for RR Lyraes in binary system in the Galactic bulge. Additionally Hajdu et al. (2015) proposed that about 4 % of all RR Lyraes reside binary systems. Results of Li & Qian (2014) and Hajdu et al. (2015) clearly demonstrated that studying cyclic period variations in these overluminous objects is much more efficient in revealing binaries than classical methods i.e. astrometry, photometry, and spectroscopy. These results are very encouraging and promise more candidates to be revealed soon.
In our study we focussed on field RR Lyraes. We scanned literature and the GEOS RR Lyr database 1 (Groupe Européen d'Observations Stellaires, Le Borgne et al. 2007 ) to choose candidates with cyclic changes of their O−C diagrams which can be interpreted as a manifestation of an unseen companion. Because there is no review of field stars suspected of binarity regarding various methods currently available, we widely discuss particular targets in Sec. 2. Since we searched for manifestations of LiTE in O−C, also effects which can affect the look of O−C diagram are discussed (Sec. 3). Except for O−C values from the GEOS database maxima timings from various sky survey data and from our observations were determined (Sec. 4). For modelling of the LiTE we used a new code introduced in . Results on several targets are in Sec. 5 and are generally discussed in Sec. 6.
OVERVIEW OF RR LYRAE STARS SUPPOSED TO BE IN BINARY SYSTEMS

Eclipsing systems
This type of binary stars is extremely important, because analysis of their light and radial velocity curves allows to precisely determine absolute values of the basic physical parameters. A few RR Lyrae stars were proposed to be bounded in such systems. Nevertheless, the eclipses are in most cases based on unique observations without any later confirmation. This could either be some instrumental bias or it could be a consequence of long-period binary with very rare eclipses. Fitch, Wiśniewski & Johnson (1966) reported on anomalous behaviour of VX Her in one night of their observation, when the star was about 0.7 mag fainter in a phase of minimum-light than usually was. Unfortunately, no repetition of this event was reported till today.
Similar behaviour was noticed in RW Ari, an RRc type star, by Wiśniewski (1971) . He observed this star during 19 nights in 1 http://rr-lyr.irap.omp.eu/dbrr/dbrr-V1.0_0.php 1966. In two nights RW Ari was about 0.6 mag and in one night about 0.1 mag fainter in V-band than usually. He proposed these depressions in brightness to be primary and secondary minima of an eclipsing binary. After subtraction of the average light curve he obtained typical light curve of eclipsing binary, a very convincing proof for his hypothesis (his Fig. 2 ). According to changes in B−V and U −B indices he suggested that the companion is a blue giant or B-type star, which is more luminous than RW Ari itself. Wiśniewski (1971) determined the period of eclipses a bit longer than 3 d. Another decrease of brightness (0.2 mag, supposed secondary minimum), which confirmed period of eclipses, was reported by Woodward (1972) , who analysed data from Detre (1937) . Spectroscopic observations made by Abt & Wiśniewski (1972) showed a very strong difference in radial velocity (thereafter RV) measured at the same pulsation phase, which was interpreted as a consequence of binarity.
However, Edwards (1978) It is worth to mention that reports on eclipses of VX Her and RW Ari were based on observations performed by one group of observers, in the same time, and using the same equipment and methods using no comparison star (only standard stars, Fitch, Wiśniewski & Johnson 1966; Bookmeyer et al. 1977) . Therefore, the possibility of a false detection could not be ruled out in these two cases.
V80 UMi located in Ursa Minor Dwarf galaxy is the other candidate for RR Lyrae pulsating star in eclipsing system. Binary nature, proposed by Kholopov (1971) , is based on 107 photographic measurements presented in van Agt (1968). Kholopov found possible eclipsing period close to 2 d and pulsation period of about 0.5 d, but both values are dubious, because they are close to integer ratio with one day. In addition the brightness depressions were detected only on 10 plates in three nights in a row. Before and after that nothing special was observed. V80 UMi is very faint with variations in B-band of 19.20 -20.25 mag, and this was probably the reason why only one additional dataset was obtained for this star (Nemec, Wehlau & Mendes de Oliveira 1988) . Their 21 photographic measurements do not support eclipses. Nevertheless, they improved the pulsation period to 0.498746 d and propose the type of the variable as anomalous cepheid.
Thus, the only so far known RR Lyrae-like star in a binary, which was confirmed spectroscopically, is OGLE-BLG-RRLYR-02792 located in the Galactic bulge (Pietrzyński et al. 2012) . Unfortunately, this low-mass star (0.26 M ) with the pulsation period of 0.6275 d very likely only behaves similarly as an RR Lyrae pulsator because of the evolution in a close binary system -current orbital period is 15.24 d and the semi-major axis is 32 R . The reasons for excluding this star out from the RR Lyrae group were discussed by Pietrzyński et al. (2012) and Smolec et al. (2013) . They found that the bump at the descending branch of the radial velocity curve, Fourier parameter φ 31 calculated with theoretical models, and very high rate of period-decrease make OGLE-BLG-RRLYR-02792 impossible to be a regular RR Lyrae star. Therefore (Pietrzyński et al. 2012 ) defined it as a prototype of a new class of variables called Binary Evolution Pulsators. Another object, OGLE-LMC-RRLYR-03541 in the LMC (Soszyński et al. 2009 ), probably also belongs to this class (Hajdu 2015, priv. comm.) . However, the blend with close objects has not been rejected yet.
Systems with LiTE
Binarity of a system with pulsating star can be unveiled even without eclipses through periodical changes in the times of maximum light occurring in the pulsating component which is caused by the orbit of unseen companion. This is usually examined using O−C diagrams (more in Sec. 3.3).
A few RR Lyrae stars were proposed to be in binary systems due to LiTE. Probably the most well-known example is TU UMa. This star shows sinusoidal propagation in its times of maximum light with period of about 23 years, which is superimposed on parabolic trend caused by the stellar evolution. The idea of binarity of TU UMa was firstly noted by Szeidl, Olah & Mizser (1986) and further analysed by Saha & White (1990) , Kiss et al. (1995) and Wade et al. (1999) .
Original measurements, current observations available in large sky surveys, and observations from photographic plates allowed us to perform very precise reanalysis of the O−C of TU UMa . For modelling the LiTE a new code involving non-linear least-squares method (NLSM) and bootstrap-resampling method described in was developed. It was found that TU UMa very likely creates a pair with a low-mass (minimal value 0.33 M ), low-luminous star with orbital period of 23.4 years. The binary assumption was supported by the analysis of available RV measurements.
Similar period of cyclic variations in O−C diagram of about 7200 d (19.7 yr) together with slowly increasing pulsation period shows XZ Dra analysed by Jurcsik et al. (2002) . They estimated orbital parameters of possible binary system which allowed them to describe O−C diagram and variation in RV measurements. They argued that other mechanism, e.g. magnetic cycle, can play a role.
Another, very interesting object showing LiTE-like behaviour, is MACHO* J050918.712-695015.31 studied by Derekas et al. (2004) . This field RRc star lies in the direction to the LMC and therefore is well covered and precisely measured by the OGLE survey. If the binary nature of this object is correct, RR Lyrae component would orbit with period of 8 years around the center of mass together with a black hole with mass of about 60 M . Although they argue against this interpretation and prefer some sort of magnetic cycle instead of binary explanation, the situation with this peculiar object is still unclear even though this exotic object completed the full cycle from the time of the publication.
In the last year, Li & Qian (2014) analysed tiny changes in the times of maximum of FN Lyr and V894 Cyg based on data from the Kepler telescope. They found that these stars are both accompanied by low-mass object, probably brown dwarf or giant planet, with orbital periods of 795 d (FN Lyr) and 1084 d (V894 Cyg). It is very likely that more such binaries will be unveiled in precise space measurements (e.g. Guggenberger & Steixner 2014) .
Very recently, twenty binary candidates were identified among OGLE bulge fundamental-mode RR Lyraes by Hajdu et al. (2015) . They started analysis from 1952 well-observed stars with baselines up to 17 years. From these results, they estimate that 4 % of all RR Lyrae stars belong to binary systems. They expressed the hope for resolving these systems astrometrically.
Analysis of long-term period behaviour of AV Peg, RS Boo, RR Leo (Olah & Szeidl 1978; Szeidl, Olah & Mizser 1986 ) and RZ Cet (Le Borgne et al. 2007 ) also brought some indices about binarity of these objects. In addition, Le Borgne et al. (2007) give several other a bit tentative examples with some peculiarity in their O−C diagrams, which can possibly be a consequence of binarity (e.g. SX Aqr, X Ari, etc). Long-term monitoring lasting a few decades brought the identification of several candidates for RR Lyraes in binary systems in globular clusters, e.g. M3, M5 or M53 (Szatmary 1990; Szeidl et al. 2011; Jurcsik et al. 2012 ).
Visual binaries
Visual binaries are other candidates for RR Lyrae in binary systems. The difficulties in observation of such systems are caused by the distance of RR Lyrae stars. The upper limit for a separation of gravitationally bounded objects is probably not known. Nevertheless, from catalogue of 3139 orbits from Malkov et al. (2012) , we found that 99.3 % stars in 2869 binaries have semimajor axis shorter than 1000 au. Thus, when we take e.g. the prototype RR Lyrae itself, which is the closest RR Lyrae star, as a hypothetical candidate for visual binary, from its parallax π = 3.46 mas (van Leeuwen 2007) , and maximal orbital distance 1000 au, we obtain angular distance of imaginary companion 3.46 . This illustrate the most evident difficulty in finding physically bounded visual systems among RR Lyraes, because potential members of a visual binary would be much closer on the plane of the sky than in this made-up case. Chance for discovery of such system without adaptive optic or interferometry is negligible. In addition, revelation of noticeable change in position angle of such wide binary would need extremely long baseline of observations lasting at least a few centuries.
Spectroscopic binaries
Spectroscopic binaries, discovered through the variations in RV, comprise a large fraction of known binary systems among ordinary stars. Nevertheless, this statement, at least partially, does not apply for RR Lyrae stars, in which the situation is complicated due to pulsations. In addition, in detached systems, the pulsation component probably would dominate in the spectrum (reasons were mentioned in Sec. 1). Thus, only long-term, high-precise spectroscopic observations, and application of spectral disentangling, could bring long-desired success.
The only so far known spectroscopic binary with an RR Lyrae component is OGLE-BLG-RRLYR-02792 (Pietrzyński et al. 2012) , which is also an eclipsing binary (see Sec. 2.1). This star is double-line spectroscopic binary with the main component having mass of only 0.26 M , which is a result of previous evolution in close binary and now it only mimics as RR Lyrae type star. The second, more massive component, is a star at the beginning of its red-giant evolutionary phase. Concerning galactic field stars, TU UMa is one of the most promising targets, in which possible RV changes should be observable during one decade (Saha & White 1990; Wade et al. 1999; .
Several candidates for spectroscopic binaries were identified based on differences in systemic radial velocities from different works which achieve up to several tens of km s −1 . The list of suspected systems from contains CI And, DM Cyg, BK Dra, XX Hya, ST Leo, CN Lyr, and TU UMa, and is complemented by TY Aps, BX Dra, and BX Leo from Solano et al. (1997) .
Other types of binarity
In the second half of the twentieth century, AR Her and BB Vir were found to be significantly hotter at minimum light than other RRab variables (Preston 1959; Sturch 1966; Fitch, Wiśniewski & Johnson 1966; Bookmeyer et al. 1977) . Later, this discrepancy was discussed and explained by Kinman & Carretta (1992) and Fernley (1993) as possible consequence of binarity. They considered the second component to be a blue, hot star.
Both, BB Vir and AR Her, are known as Blažko stars, but the modulation nature of BB Vir is somewhat questionable (Skarka 2014) . Kinman & Carretta (1992) analysed photometric observations of BB Vir in detail using (B−V ) colour and also light curve characteristics. They found that BB Vir has lower (B−V ) than other RRab stars, and that amplitude of its light curve is smaller than it should be for the given colour. After their correction of the BB Vir light (assumed to be similar as for other RRab stars), they suggested unresolved component to be a hot HB star with similar physical characteristics as BB Vir itself, which lies on the blue edge of the instability strip. Based on ultraviolet spectra, Fernley (1993) specified closer the temperature of supposed companion to 7900 K. He also suggested alternative explanation of BB Vir as an RRc star with unusually long period. Borkowski (1980) explained the modulation of AR Her as a consequence of non-linear superposition of the fundamental (P 1 = 0.4700 d) and the second or third overtone (P 2 = 0.233 d). Kinman & Carretta (1992) speculated that, if the binary nature of AR Her is correct, the contribution of the second overtone to its modulation could actually be explained as a presence of unresolved RRc star with 0.233-day period rather than the consequence of beating between radial overtones. Kinman & Carretta (1992) and Fernley (1993) nicely showed the way, how expected photometric and spectroscopic characteristics of RR Lyrae stars would be affected by possible companion. Despite all discussed theories, a convincing proof of the binarity of BB Vir and AR Her is still missing.
PERIOD CHANGES OF RR LYRAE STARS IN O−C DIAGRAM
Since the beginning of modern variable star research, very simple and illustrative O−C diagram have been used for the description of the period evolution of stars. Time of a given phase (usually maximum or minimum of the light changes), which is observed (O), is compared with predicted time calculated (C) on the basis of accepted ephemeris. Subsequently time difference O−C is plotted against the time or a cycle number N.
In O−C plot it is very easy to investigate long-term systematic trends, which can be e.g. monotonically linear (constant period) or parabolic (period change with a constant rate), periodic, as well as sudden, more or less irregular (a review of O−C diagram shapes can be found e.g. in . In the case of RR Lyrae stars, behaviour of their periods can be very complex with many possible reasons combined, sometimes with unclear interpretation. 
Evolutionary effects
Already at the beginning of the last century, Eddington (1918) pointed out that pulsating stars should undergo evolutionary period changes due to the change of their density. These changes are very slow, therefore observations spread out over many decades are needed. Fortunately, RR Lyraes are observed more than a century in some particular cases.
In RR Lyraes research, it is usual to express the periodchange rates in β =Ṗ puls = dP puls /dt in [d Myr −1 ] or [ms d −1 ], and α = β /P puls = (1/P puls )Ṗ puls [Myr −1 ] parameters, for definition ofṖ puls = 2 a 3 /P puls , where a 3 is a third coefficient in parabolic ephemeris of maxima timings (e.g., Le Borgne et al. 2007 ) 2 . Depending on their masses, chemical composition and evolutionary stage, RR Lyrae variables can exhibit both period decrease and period increase during their evolution on HB (see e.g. theoretical works of Sweigart 1987; Lee & Demarque 1990) . When the evolution is blueward, period of a star slowly decreases, while the evolution from blue to red means period-lengthening. Since the evolution redward is more rapid than blueward, the rate of period changes is higher for period-lengthening than for shortening.
According to Lee & Demarque (1990) , majority of RR Lyrae stars is in early stage of their HB evolution. Analysing a large sample of stars such as in globular clusters, Lee & Demarque (1990) found that an average value of β of large sample of stars should be around zero or very slightly positive. This assumption was confirmed by Lee (1991) . He compared synthetic HB with those observed in a few globular clusters and found that β depends on the type of HB. Another confirmation came with studies performed by Jurcsik et al. (2001 Jurcsik et al. ( , 2012 and Szeidl et al. (2011) , who investigated period changes of RR Lyraes in globular clusters ω Cen, M3 and M5, respectively. Nevertheless, in all these studies, as well as e.g. in Le Borgne et al. (2007) , who analysed O−C of field stars, some peculiar cases with very high positive or negative β were reported. Stars with large β > 0 are considered to undergo the final episodes of their HB life, while RR Lyraes with the most rapid period-decrease are supposed to be in their pre-HB stadium (Sweigart & Renzini 1979; Silva Aguirre et al. 2008) . However, in several cases with the largest β , such high period changes cannot be explained by evolution theory. We suppose that for some of these stars the bias between observation and theory could be caused by misinterpretation of O−C diagrams. In the case of potential double star with long orbital period, corresponding O−C could mimic as parabola, when only short time span of observation is available.
Blažko effect and erratic changes
Almost a half of all RRab stars (Jurcsik at al. 2009; Benkő et al. 2010) shows more or less periodic changes of the shape of their light curves, which is known as the Blažko effect (Blažko 1907) . These changes manifest themselves as changes in amplitude and in time of maximum light. Therefore, these changes can be reproduced and analysed in O−C diagram. An O−C of a Blažko star shows periodic pattern with the amplitude maximally about 0.2 d (currently known record holder is V445 Lyr with ∆(O−C) ∼ 0.15 d, Guggenberger et al. 2012) .
Except for these periodic changes, RR Lyraes undergo very sudden, random changes, which affect mainly Blažko stars (see e.g. Jurcsik et al. 2012; Le Borgne et al. 2007 ). These abrupt, significant changes, observed, for example, in XZ Cyg (Bezdenezhnyi 1988) or RR Gem (Sódor, Szeidl & Jurcsik 2007) , are usually associated with instabilities during the final phase of helium-burning phase or as a consequence of the mixing events at the convective-core edge (Sweigart & Renzini 1979) . Other possible explanations deal with changes in the gradient of the helium composition in the regions below the hydrogen and helium convection zones (Cox 1998) or with hydromagnetic effects (Stothers 1980) . Probably only hydromagnetic effects could solve the problem with high amplitude cyclic variation detected in non-Blažko stars which looks as peculiar LiTE caused by very massive component (possible black hole with several tens of M ), e.g. MACHO* J050918.712-695015.31 (Derekas et al. 2004 ).
Light Time Effect
Probably the last possible way, how the O−C values of RR Lyrae stars can be affected, is through the effect of orbital motion in a binary system with appropriate parameters (large semi-major axis, inclination). The orbital motion of RR Lyrae component will produce detectable changes of its times of maximum light. This is a consequence of the finite speed of light, and it is called the Light Time Effect (LiTE), as it was already mentioned. When pulsating star is in its closest part of the orbit to the observer, the time needed to reach the observer is logically shorter than when it is in other parts of the orbit. As the star runs around the center of mass, corresponding O−C plot will periodically change. The shape of these changes depends on the orientation and eccentricity of the orbit. Amplitude of such O−C diagram directly gives us an information about the projected size of the orbit, and the period of these changes correlates with the orbital period. These parameters allow us to estimate the total mass of the system. A few suspicious systems with LiTE were briefly discussed in Sec. 2.2.
DATA SOURCES AND TARGET SELECTION
Since the GEOS RR Lyrae database (Le Borgne et al. 2007 ) is the most extended archive containing times of maxima of RR Lyrae stars, it was used as the main source of data for this work. Targets suspected of LiTE from literature were completed by objects selected on the basis of visual inspection of their O−C diagrams at the GEOS web page. This means that only stars with suspicious cyclic variations were selected. In addition, only stars with more than 10 maxima timings passed for further analysis. After a closer inspection of the remaining O−C diagrams only eleven stars, which are discussed in Sec. 5, were fully analysed. We did not use data marked as 'pr. com.' from the GEOS database. To maximally extend the GEOS sample we re-analysed 3 data from sky surveys Hipparcos (ESA 1997), NSVS (Woźniak et al. 2004 ), ASAS-3 (Pojmanski 1997 (Pojmanski , 2002 ) and gained new maxima from CRTS 4 , DASCH (Grindlay et al. 2009 ), SuperWASP (Pollacco et al. 2006; Butters et al. 2010) 2011). New maxima for studied systems including uncertainties obtained directly from least-squares method are given in Appendix A. The number of used maxima from particular surveys can be found in Table 1 . New photometric measurements for VX Her were performed at Masaryk University Observatory, Brno, Czech Republic during 13 nights (April -August 2014) with 0.6-m Newtonian telescope, CCD G2-0402, in BVRI bands. Another measurements in phases near maximal brightness for stars SS Leo and AT Ser were obtained also in Brno with small 1-inch telescope in green-band (description of the telescope in Liška & Lišková 2014).
RESULTS ON SUSPICIOUS STARS
Process of LiTE fitting described in was applied on eleven bright, well known RRab type Lyrae stars whose identification and basic light ephemeris are in Table 2 . Each of these stars shows significant period changes. Several of them were previously reported as possible members of binary stars, but with orbital periods undetermined, or only very roughly estimated.
Some of O−C changes can be directly interpreted as cyclic changes with large amplitude. Such dependences were fitted as a whole and are described by our model 1. Some of the stars' O−C diagrams can be interpreted as cyclic change with low amplitude superimposed on secular period change. This situation is described by our model 2. However, in some cases both interpretations can be possible and, therefore, both models were computed. Our results with parameters describing proposed orbits are in Table 3. Columns are described in the notes below the table. Except for orbital parameters this table also contains period-change rate (if present), goodness of fit indicator (χ 2 R ) and number of used maxima timings. For calculation of minimal masses of components we assumed RR Lyrae mass of 0.6 M .
In agreement with expectations, it seems that companions of majority of our sample stars are low-mass stars. However, in RZ Cet the companion is probably white dwarf or neutron star, in AT Ser it is probably a black hole. Studied stars are discussed in detail in next sections.
Available literature contains relatively rich sample of original Table 3 . Pulsation and orbital parameters for studied systems with probable LiTE * . Notes. ( * ) Columns contain following parameters: Star -name of star in the GCVS, Model -type of calculated model (1 = only LiTE, 2 = LiTE + parabola), P puls -pulsation period, M 0 -zero epoch of pulsations,Ṗ puls = β -relative rate of changes of pulsation period, P orbit -orbital period, T 0 -time of periastron passage, e -numerical eccentricity, ω -argument of periastron, A -a 1 sin i in light days (semi-amplitude of LiTE A LiTE can be calculated as A LiTE = A 1 − e 2 cos 2 ω), a 1 sin i -projection of semi-major axis of primary component a 1 according to the inclination of the orbit i, f (M) -mass function, M 2,min -the lowest mass of the second component, the value was calculated for inclination angle i = 90 • and adopted mass of primary M 1 = 0.6 M , K 1 -semi-amplitude of RV changes primary component (RR Lyrae star), χ 2 R -normalised value of χ 2 , where χ 2 R = χ 2 /(Nmax − g) for number of used measurements Nmax and number of free (fitted) parameters g (only LiTE g = 7, LiTE + parabola g = 8), Nmax -number of used maxima timings, (B) -Blažko effect is known in the star, more information in the text, (B?) -the star is suspected from Blažko effect, more information in the text.
RV measurements (Table 4 ) which could possibly be used for verification of our results, because our models allow computation of systemic variations of RV (for details see . Unfortunately they are of insufficient number, time span, or quality for such usage in most cases. Systemic velocities for our targets from Layden (1994) , or Solano et al. (1997) which are based typically on 2 or 3 unpublished measurements have insufficient quality. This shows the need of new accurate spectroscopy.
RS Boo
RS Boo is one of the best studied RR Lyraes at all. Except for longterm period changes it shows modulation (Blažko effect) with period of about 533 d (Oosterhoff 1946) and possible shorter period between 58 -62 d (Kanyó 1980 (Skarka 2014 ). The idea of its binarity comes from Kanyó (1980) who investigated its O−C diagram. After subtraction of parabola he proposed orbital period of about 70 years based on residuals. Kanyó (1980) also found that the brightening during the 62-day cycle is lower for blue than for yellow colour, contrary to the long 530-day cycle. He guess that it could be due to cooler companion. The shape of O−C diagram of RS Boo (significantly extended with values based on the DASCH project) is apparently asymmetric ( Fig. 1) allowing direct interpretation as a consequence of LiTE (our model 1, top panel in Fig. 1 ) and as a secular period lengthening with superimposed LiTE (model 2, middle panel of Fig. 1 ). Model 1 gives orbital period of 147 yr and minimal mass of the companion 0.264 M , while model 2 gives orbital period of 77 yr and minimal mass of the second component 0.097 M . Although the shape of O−C allows also interpretation as nonsymmetrical period lengthening 6 , the signs of turn-off point disadvantages this explanation. Because both models have the same quality of the fit (χ 2 R = 1.082) and both secondary component masses are possible, it is very difficult to choose the correct solution. Only further detail photometric and spectroscopic measurements could help.
After subtraction of both models we searched for additional periodicity in residuals. Both models give almost the same residuals, therefore the same periods were found in both cases. The most significant peak in frequency spectrum (top panel of Fig. 2) relates to Blažko period of P BL = 535(4) d (for all available data), which is within the errors the same period as from previous studies (e.g. Kanyó 1986 ; Le Borgne et al. 2007 Borgne et al. , 2012 , and P BL = 550.5(1.0) d when only more recent photoelectric and CCD measurements were used (data phased with this period are in Fig. 3 ). After prewhitening with this peak no other significant peak was revealed in the case of all measurements. On the other hand, when frequency spectra of CCD and photoelectric data were investigated, three additional peaks were identified. The first of them, with unclear interpretation, corresponds to a period of 2400 d. The other two peaks corresponding to periods P m2 = 39.5(7) d and P m3 = 60.0(1) d (two middle panels in Fig. 2 ) correlate well with the secondary modulation periods from literature. Therefore we argue that the secondary modulation components are real and need refinement by additional observations.
Our first model of LiTE suggests RV variations with semiamplitude of K 1 ∼ 1.7 km s −1 (or only 1 km s −1 from model 2) which is too small for reliable confirmation with available RV mea- surements (see Table 4 ). It is because the only measurements with sufficient accuracy, the ones of Jones, Carney & Latham (1988) , span only 108 days in various phases of the 550-day cycle, and therefore they are useless for our purposes. At least these data allowed us to reject the possibility that the 550-day cycle could be a consequence of an additional LiTE, because such LiTE would produce periodic variations in the systemic velocity with semiamplitude of 20.9 km s −1 which, after subtraction from the values adopted from Jones, Carney & Latham (1988) , results in an increase of the scatter of phased RV curve. 
RU CVn
Possible long-term cyclic changes in pulsation period with probably 60 000 yr 7 was discussed by Husar (2003) , and due to complicated shape of O−C diagram was mentioned in Le Borgne et al. (2007) . Our data sample was significantly extended with values collected at the Harvard observatory during the 20th century and digitalized by the DASCH project. The dependence in Fig. 4 clearly 7 This value should be probably in days not in years. shows cyclic variation. Thus only model 1, which gives orbital period about 102 yr and minimal mass of companion 0.39 M , was applied. However, orbital parameters based on our model should be considered only as preliminary because only one cycle has been finished up to now.
RU CVn has only 2 RV measurements available in literature (Abt 1973) . Both values were obtained with a nine-year difference at nearly the same pulsation phase 0.33, but they significantly differ (+21.7, −58.9) km s −1 . High difference in RVs cannot be explained by the difference in systemic velocity based on our LiTE model, because changes due to two different phases of orbit should be only about 1 km s −1 . In addition, the semi-amplitude of RV changes K 1 is only 2.6 km s −1 . One of the values is probably wrong (or values are highly scattered), which is often the case for old RV measurements from Abt (1970) and Abt (1973) .
RZ Cet
Period variations of RZ Cet in O−C diagram are well pronounced (Fig. 5) and were studied e.g. by Le Borgne et al. (2007) . They fitted the O−C dependence with parabola (Ṗ puls = −157.9(8.8) × 10 −11 d d −1 ) and subsequently found oscillations in residuals with period of 12500 d superimposed to the parabolic trend. They mentioned that this oscillation could be the consequence of LiTE.
We tested proposed scenario using the same approach -simultaneous fitting of parabola and LiTE and gaveṖ puls = −180.8 +7.6 −6.9 × 10 −11 d d −1 , and the LiTE period of 75 yr (27600 d) which is more than two times more than the value from Le Borgne et al. (2007) . Nevertheless, the time-baseline has similar value (84 yr) and thus the orbital period and other parameters (such as companion mass M 2,min ∼ 1.15 M ) are very preliminary.
However, variations in O−C diagram allow another, less probable scenario, that the O−C dependence itself could be interpreted as a LiTE (without parabola, model 1) with incomplete cycle (the top panel of Fig. 5 ). The insufficient time span caused the modelling to be unstable and the LiTE model parameters had to be manually adjusted. This 'solution' gives orbital period of at least 86 years with amplitude suggesting high-mass companion with the lowest mass of 7.5 M . According the discussion in Sec. 1 this should be a black hole. Since the proposed orbital period is more than 80 years, the system would be well detached and therefore no mass transfer would be possible, and the black hole would manifest itself only via gravitational effects on the RR Lyrae component. Although the presence of the black hole could be surprising, RZ Cet would not be the first object among RR Lyrae type stars with possible black hole (see the discussion about MACHO* J050918.712-695015.31 in Sec. 2.2).
Kovács (2005) marked RZ Cet as a modulated star, but the period of proposed Blažko effect is not known. Skarka (2014) analysed data of RZ Cet from the ASAS survey and found no indications of modulation. It is unlike that the many years lasting cyclic changes (here proposed as LiTE) could be attributed to the Blažko effect which is maximally in the order few years. Analysis of the residuals also did not show any signs of modulation.
The only one RV value for RZ Cet is from Colacevich (1950) . Unfortunately this is inappropriate for our purposes. Definitely, spectroscopic measurements are highly needed to confirm the binarity of RZ Cet.
S Com
S Com is another promising candidate for a binary system. The information about possible cyclic changes with long period was mentioned without closer details in Le Borgne et al. (2007) . Probable LiTE with period of about 106 yr is well demonstrated in our O−C diagram (model 1, the top panel in Fig. 6 ). Currently, pulsation period has the shortest value but during a few years it should start to rise again.
Our second model of LiTE of S Com including parabolic trend, the middle panel in Fig. 6 , gives shorter orbital period of 90 yr and also lower orbital parameters such as projection of semimajor axis or limiting mass of the secondary component. The rate of period changesṖ puls = −7.0 There are two RV datasets available in literature (Table 4) . However, expected changes of the systemic velocity caused by binarity with semi-amplitude of only 1.6 km s −1 (model 1) or 1.3 km s −1 (model 2) are completely saturated by the RV changes caused by pulsations.
SU Dra
O−C variations of star SU Dra cannot be explained by simple parabolic trend. As in other mentioned cases, we proposed that period changes are caused by presence of the unseen body. According to our model combining parabola and LiTE (the middle panel of Fig. 7 SU Dra as the brightest star from our sample has the largest number of sources with available RV measurements (Table 4) , unfortunately several values are dubious and the remaining data seem to contradict binary hypothesis. However, the semi-amplitude of predicted RV changes K 1 is quite small -only 0.85 km s −1 which is hardly detectable, and therefore this test should not be considered as reliable.
VX Her
VX Her was proposed to be an eclipsing binary by Fitch, Wiśniewski & Johnson (1966) -see the discussion in Sec. 2.1 for more details. Unfortunately, no other observation from literature nor our observations (Fig. 8) shape of O−C diagram (the top panel of Fig. 9 ) of VX Her is apparently a parabola with a small systematic deformation. Residuum after subtraction of parabolic trend (bottom panel of Fig. 9 ) contains small wave which can be described by model of LiTE with period of about 86 yr. Nevertheless, the existence of LiTE is a bit questionable due to high scatter in older maxima (photographic, visual). At least our result can be considered as a limiting value for LiTE in VX Her (limiting mass of second component could be only 0.05 M ). The found value of the The whole O−C variations can be also described only using simple LiTE with longer period. In such highly unlike scenario the possible orbital period would be about 175 yr, limiting mass of secondary star would then be about 0.8 M .
According to Wunder (1990) variations. Wunder's results are based only on photographic, visual and 4 photoelectric measurements and it is necessary to verify them. Moreover these changes may not be caused by Blažko effect but by LiTE. In our residuals after subtracting parabola, which are based on photoelectric and CCD measurements, no marks of modulation are apparent. Since these residuals have the standard deviation of 0.0015 d, changes with amplitude of a magnitude larger should be definitely detectable. In addition, the Blažko modulation was undetectable in ASAS data (Skarka 2014 ) and in our measurements (Fig. 8) . Therefore it is very likely that VX Her is currently unmodulated and, until original older measurements will not be reanalysed, VX Her should be considered as never modulated star.
RVs from two available sources (see Table 4 ) have insufficient quality to confirm the binarity, because the range of RV variations is from −410 to −340 km s −1 , while our model suggesting a 0.05-M companion predicts the semi-amplitude of RV to be only 0.8 km s −1 .
SS Leo
The O−C diagram of SS Leo shows large changes in pulsation period (Fig. 10 ) that can be explained by long-period LiTE. Apparently it could not be explained as secular period change with additional low-amplitude LiTE. We found probable orbital period with length of about 111 years. Therefore, only one cycle was finished since the time of the first observation. SS Leo is known as a regular pulsating star without Blažko effect (Skarka 2013), and we did not notice it too. The proposed companion should have the minimal mass of 0.38 M .
Measurements of RV were found in four publications (see Table 4 ). Unfortunately, three of them contain values obtained during 4 years, thus practically in the same phase of the supposed orbit. During this time the difference in systemic velocity based on our LiTE model should change only within 0.16 km s −1 , and this difference is below the accuracy of these RV measurements. Nevertheless, pulsation phase is well covered by RVs and values vary in range 120 -205 km s −1 . One of the values published by Abt (1973) (−20 km s −1 ) is very different from the others and is probably wrong. Again, also in SS Leo it is impossible to confirm the binarity using available RV measurements. However, in May 2015 the systemic velocity should be lower of about 4 km s −1 than for RV measurements from the last three sources. We propose SS Leo as an easy target for confirmation of binary nature by RV measurements.
AV Peg
AV Peg has a parabolic shape of its O−C diagram (Fig. 11) . In residuum, after applying quadratic ephemeris, a wave which was proposed by Szeidl, Olah & Mizser (1986) as a sign of LiTE was detected. Their preliminary value of orbital period was estimated as 64 years. Our approach, in which parameters of quadratic ephemeris and LiTE are fitted simultaneously (top panel of Fig. 11) , yields shorter orbital period of 48 yr and the rate of secular change of the pulsation periodṖ puls = +45.96 +22 −42 ×10 −11 d d −1 which is very similar as values +47.3(8) × 10 −11 d d −1 (Szeidl, Olah & Mizser 1986 ) and +45.8(5) × 10 −11 d d −1 (Le Borgne et al. 2007) . The difference in the length of the orbital period can be explain by using about 30 years longer dataset with more accurate CCD measurements than was used by Szeidl, Olah & Mizser (1986) . Our model of LiTE in AV Peg gives the second lowest minimal mass of the secondary component of all stars in our sample (only 0.06 M ). When applying the model only on CCD and photoelectric measurements and subtracting the parabolic trend (bottom panel of Fig. 11 ), the LiTE is better pronounced than in the case of all measurements (middle panel of Fig. 11 ).
RVs found in 3 sources (Table 4) were obtained in phases, where the systemic velocity should differ only about 0.26 km s −1 . Thus the variations in RV due to the binary motion are undetectable in these measurements. Range of RVs due to pulsation of the star 9 is from −93 to −31 km s −1 . In any case, the semi-amplitude of RVs caused by proposed orbit is too low (only 0.7 km s −1 ) and will be very difficult to confirm.
AT Ser
More than one orbital cycle is covered with times of maxima for AT Ser (Fig. 12) . From the amplitude of changes in O−C it is evident that possible companion has a high mass. Our model with orbital period of 86 years predicts minimal mass of the second component as 1.9 M . Therefore the companion should be a degenerate remnant in the form of neutron star, or more likely in the form of the black hole.
RVs were found in 3 sources (Table 4) . Unfortunately, these 9 values do not cover even a whole pulsation phase. Measured RVs vary between −100 and −40 km s −1 but the full range of variations in the velocity will be a bit larger. Calculated semi-amplitude of orbital RV curve for this system is one of the largest -about 7.8 km s −1 . Currently (May 2015) , systematic offset in RVs should have the highest difference of about 15.5 km s −1 than for RVs from Fernley (1993) . AT Ser is, therefore, another easy target for proving the binarity using RVs.
RV UMa
RV UMa is a well known modulated star with secular period changes accompanied with LiTE covering more than one proposed orbital cycle (Fig. 13) . When the O−C dependence is considered as the LiTE with period of 66.9 yr supplemented with a slow evolutionary period change (parabolic trend with the rate ofṖ puls = 4.7 × 10 −11 d d −1 , the companion should have minimal mass of 0.25 M .
Except for these large-amplitude period changes, RV UMa shows additional small changes caused by the Blažko effect with 9 One value from Abt (1973) substantially differ from the others. interesting behaviour. Kanyó (1976) Fig. 13 . After removing LiTE and parabolic trend we searched for periodicity caused by the Blažko effect. We found modulation period of 89.9(1) d (Fig. 14) , high scatter probably corresponds to the variation in length of Blažko period.
We attempted to confirm variations in O−C diagram by RV variations. In literature three datasets of RV measurements wellcovering pulsation cycle were found (see Table 4 ). Measured values of RV were compared with RV values corrected for systemic velocity caused by orbital motion (parameters from our model of LiTE). Unfortunately, confirmation failed due to a small semi-amplitude of K 1 of 2.2 km s −1 and due to changes of the RV during the Blažko effect - Preston & Spinrad (1967) clearly presented evolution of the RV curve for RV UMa in different Blažko phases (change of the shape and amplitude of more than 20 km s −1 ).
Our results together with those from Kanyó (1976); Hurta (2007) and (Jurcsik et al. 2002) suggest that there could be some connection between orbital motion and variations in pulsation and Blažko periods. Although Hurta (2007) did not deal with binarity, 67-yr antiparallel pulsation and modulation period changes apparent from his Fig. 4 indicate this possibility. Similar but parallel behaviour was observed in XZ Dra (Jurcsik et al. 2002) , and we assume that the connection with binarity should be investigated also in other Blažko stars, e.g. XZ Cyg (LaCluyzé et al. 2004) , RW Dra (Firmanyuk 1978) .
BB Vir
BB Vir was supposed by Kinman & Carretta (1992) to be a member of binary with a hot HB star (already discussed in Sec. 2.5). When we check Fig. 15 we immediately see that the O−C dependence is deformed and could not be fitted with simple parabola. One of the possible explanations is that the O−C is a part of the LiTE with incomplete cycle (model 1, top panel of Fig. 15 ). Assuming this less probable scenario, we found that the companion with the minimal mass of about 0.95 M should orbit around the RR Lyrae component in minimal distance of 21.6 au with orbital period of about 168 years. The relatively high minimal mass suggests a degenerate remnant.
10 Kanyó (1976) found that in 1961 the Blažko period was 92.12 d. GCVS catalogue, we searched for additional periodicity in residuals. Unsuccessfully. In addition, modulation period is not known, and no signs of modulation were found in ASAS data by Skarka (2014) . Therefore the Blažko effect in BB Vir is at least questionable.
Only one RV measurement −15.6 km s −1 (Abt 1973 ) is available in literature, but it is insufficient to tell us anything about binarity of BB Vir. Figure 16 . O−C diagram of RR Lyrae (after the gap at about JD 2435000) shows also cyclic changes which could be described by LiTE model. Figure 17 . O−C diagram of AQ Lyrae shows cyclic changes in short interval (JD 2424000 -2438000) which could be described by LiTE model.
Other possible binaries among RR Lyrae type stars
There could be several other RR Lyrae type stars that exhibit cyclic changes possibly interpretable through LiTE. Nevertheless, the shape of variations often changes from cycle to cycle which is difficult to explain by simple LiTE. Typical example is RR Lyr star itself. Its semi-regular variations after the gap at about JD 2435000 resemble the LiTE with 14.1-yr period (Fig. 16 ) and a companion with minimal mass of 2 M at eccentric orbit with e ∼ 0.4. Unfortunately, general trend in period evolution of RR Lyrae is more complex with the break, and different slopes before and after the gap. A similar situation is with AQ Lyr (Fig. 17) which underwent two cycles in interval JD 2424000 -2438000 with period of 19.8 yr well approximated by high-eccentric orbit (e ∼ 0.75−0.95) of massive component 6 -9 M . Before and after this interval the star behaved differently.
Another candidate on binarity is AE Peg showing high amplitude variations in O−C (Fig. 18 ) with period about 99 years, e ∼ 0.3, and semi-major axis a 1 sin i ∼ 56 au. Secondary component should be a massive black hole with about 18.6 M . Maybe binary explanation is not correct in these objects, but hypotheses employing other effects discussed in Sec. 3 are similarly uncertain. Figure 18 . O−C diagram of AE Peg shows probable cyclic changes which could be described by LiTE model.
DISCUSSION
Cyclic changes of O−C diagrams can be interpreted in various ways. Crucial is the time scale of the changes that we studied. The longest observed, not necessarily strictly periodic, process in RR Lyrae stars causing cyclic changes in O−C diagram known so far is the Blažko effect with periods maximally in the order of years, while we analysed period-evolution in the order of several decades. Another possibility to explain cyclic long-term period variations could be the presence of solar-like magnetic cycle. This idea was proposed by Stothers (1980) . Derekas et al. (2004) argued that the relative change in radius during the period-change cycle of the MACHO* J050918.712-695015.31 is in agreement with the relative change of solar radius during its magnetic cycle (Noël 2004) , and therefore hydromagnetic interpretation could be correct. The problem is that we still do not have convincing proof of the magnetic field in RR Lyrae stars (e.g., Chadid et al. 2004) , and it is not clear whether solar-like magnetism is even possible in pulsating HB stars. Perhaps some unknown physical mechanism could be responsible for the long-term cyclic evolution of the pulsation period. However, the most simple, and currently most probable explanation is through the binarity of the stars which we assume in this paper.
Our results suggest that RR Lyrae prefer orbits on wide trajectories with long-periods lasting many decades. Such systems are, therefore, definitely well detached without mass transfer between components taking place during their entire lives. This should allow direct determination of the true RR Lyrae mass which is not influenced by stellar evolution in a close binary system -a chance keenly awaited by all theoreticians dealing with stellar evolution and pulsations. However, wide trajectories make eclipses highly improbable, not speaking of eclipse prediction, which strongly degrades the chance to precisely determine mass of RR Lyrae component in this way. Observation of eclipses is therefore very unlike event. Maybe the dimming of light of VX Her noted by Fitch, Wiśniewski & Johnson (1966) was such a case. In spite of low chance of eclipse detection, wide trajectories can be used with advantage for determination of RR Lyrae mass on the basis of visual binary motion together with RV measurements.
However, recent works by Li & Qian (2014) and Hajdu et al. (2015) suppose systems with much shorter orbits only in order of years 11 giving better chance to catch an eclipse. However, why none of our sample stars was found to be at a short-period trajectory? The answer probably relates to the selection effect. OGLE and Kepler measurements span maximally few years. Thus longperiod binaries remained hidden in these observations. Great advantage of data from OGLE and space surveys against our sample is that they observed many thousands targets almost continuously, while we analysed bright field targets with large amplitude of variations in O−C, that are sparsely observed separately by different observers, not regularly with similar cadence as OGLE. This is the reason why only the brightest, very few field stars with suitable O−C are available. Nevertheless, a project established for period study of RR Lyraes by using their maxima timings regularly and densely observed by the TAROT telescopes, which should be able to detect short-period RR Lyrae binaries, is the one introduced by Le Borgne et al. (2007) .
Another problem which relates to the length of proposed orbital periods are the doubts which model should be chosen for modelling the O−Cs (with or without the secular parabolic trends). Hajdu et al. (2015) applied secular changes together with LiTE by default. Generally, our models with parabolic trend give two times shorter periods than models with LiTE alone. However, this cannot explain observed long-period preference.
Companions of all stars in our sample should be objects with minimal mass larger than about 0.05 M . In the case of VX Her and AV Peg companions could be brown dwarves when the orbits would have the inclination close to 90 degrees. In other examples the companions are probably low-luminous low-mass main sequence red dwarves, or stellar remnants. This corresponds well with the absence of information about peculiar colour of any of the stars in literature 12 . If the companion were luminous star with different colour than RR Lyrae component, we would observe significant colour excess in comparison with average colour of RR Lyraes.
In RZ Cet and AT Ser our models suggest high-mass companions in the form of degenerate remnant with minimal mass of about 1.15 M and 1.90 M , respectively. Progenitors of these massive remnants produced heavier elements with no doubt and definitely should enrich their RR Lyrae partners with metals -as it was proposed by Kennedy et al. (2014) . Thus observation of higher metal abundances should be an independent and relatively easy way to confirm the binary nature of RZ Cet and AT Ser.
In addition, wide orbits of our systems represent perfect opportunity to prove the binarity through direct imaging. The distance calculated using observed and average absolute magnitude (0.6 mag) 13 together with computed semi-major axis gives angular distance between binary components from 1 to 13 mas for our sample stars. This is about ten times more than for stars in the Galactic bulge studied by Hajdu et al. (2015) . In addition, appropriate orientation of the orbit can further double these numbers. On the other hand, the angular distance could be much lower. Resolution of a few mas should be reachable by state-of-the-art ground-based and space instruments. Because proposed companions are low-mass low-luminous red stars, the detection would be less exacting in red part of the spectrum where the difference between members of system is lower. However, even in IR the difference would be several magnitudes which could cause some problems in detection. The most promising candidates with the largest semi-major axis are AT Ser (13 mas), RS Boo (9 mas, model 1) and RZ Cet (8 mas).
We did not notice any correlation between the presence of the Blažko effect and binarity. However, some unknown mechanism connected with binarity can induce variation in the length of Blažko period as was discussed for RV UMa in Sec. 5.10. Also metallicity probably does not influence the fraction of RR Lyraes in binary stars.
SUMMARY
In this study we focus on RR Lyrae type stars with suspicious O−C diagrams showing cyclic variations or some marks of possible long term periodic changes, preferably with high amplitude. We attribute them to the consequence of binarity manifesting itself as the Light Time (Travel) Effect. We attempt to give an extensive overview of known, or better say suspected, RR Lyrae type pulsators in binaries, and discuss problems involving observational and analytical methods for the confirmation of the binarity. We also widely discuss various effects which can influence the appearance of O−C diagrams to build a solid ground for interpretation and strengthening of our results.
We proceeded from the collection of maxima timings provided in the GEOS RR Lyrae database (Le Borgne et al. 2007 ) and selected several stars with O−C diagram whose appearance could be interpreted as the consequence of binarity. In addition to data from the GEOS database we determined maxima timings for selected targets from large sky surveys and our observations. For the modelling of the LiTE we used currently developed code based on the non-linear LSM and bootstrap-resampling method . LiTE for eleven stars were modelled and possible orbital parameters were calculated (Table 3) . Orbital periods of hypothetic binaries range from 47 (AV Peg) to 147 years in RS Boo (model 1), the projection of semi-major axis of pulsating component a 1 sin i was estimated as 1 au in AV Peg and about 20 au in AT Ser. Minimal masses of companions were obtained according to our expectation (see Sec. 1). They were either very small (hundredths to tenths of M ) or higher than the solar mass. All proposed systems have eccentric orbits, but none of them extremely. The majority of studied stars has eccentricity between 0.1 and 0.5, only RS Boo and VX Her can have more eccentric orbits. However, no proposed binary system has e > 0.9.
Although in many targets we could not clearly decided which model of O−C variations is correct (only LiTE, or LiTE superimposed on parabola), our models give prediction for the period evolution in next years, as well as for radial velocities which can be expected to be observed in years to come. Thus only future can give reliable answer to the question whether RR Lyrae stars analysed in this study are really bounded in binary systems or not. In any case, our study substantially extends the group of suspected RR Lyrae variables in binary systems with preliminary estimated orbital parameters.
